Chronic obstructive pulmonary disease (COPD) accounts for the largest proportion of respiratory deaths worldwide and was historically the leading indication for lung transplantation. The success of lung transplantation procedures is measured as survival benefit, calculated as survival with transplantation minus predicted survival without transplantation. In chronic obstructive pulmonary disease, it is difficult to show a clear and consistent survival benefit. Increasing knowledge of the risk factors, phenotypical heterogeneity, systemic manifestations, and their management helps improve our ability to select candidates and list those that will benefit the most from the procedure.
A 64-year-old female with 50 pack years of smoking presented for lung transplant evaluation; she had quit smoking for two years. Her forced expiratory volume in the first second percent predicted (FEV 1 %) was 25% and her body mass index, airflow obstruction, dyspnea, and exercise capacity (BODE) index was 6. She had suffered a severe exacerbation, which required non-invasive mechanical ventilation three months prior to presentation. Past medical history included asthma as a child, but no other comorbidities. For the last eight years, she has been on oxygen 24/7, and has limited her activities outside her household-first, out of embarrassment and over the last two years because of generalized weakness and severe dyspnea. Her main goals after transplantation were to be able to go fishing with her husband and be independent again. The patient underwent transplantation and was able to meet her stated goals. Unfortunately, and despite a pre-transplantation coronary angiography with minimal luminal stenosis, she experienced sudden cardiac death from a myocardial infarction 20 months after the procedure.
General Concepts in Lung Transplantation

Timing for Listing in Lung Transplantation
The optimal timing for listing in lung transplantation maximizes survival and quality of life [1] . Demonstrating a survival advantage for patients with chronic obstructive pulmonary disease (COPD) has been difficult and improvement in quality of life has not been thoroughly studied [2] . In the next paragraphs, we will discuss the factors impacting timing for transplantation, while reviewing the epidemiology of COPD, along with new advancements in understanding this disease. We will also focus on how comorbidities and lung reduction procedures may impact transplantation timing. obstruction by mucus (chronic bronchitis), and loss of alveolar walls (emphysema) [4, 5] . In a particular patient, COPD can present as single disease or can coexist with other airway and parenchymal processes [6] . In its most advanced stages, it leads to respiratory failure and death [3] .
Patients with end-stage COPD can be considered as candidates for lung transplantation; traditionally, this disease has been the most common indication for lung transplantation [7] . Both higher prevalence compared to other respiratory diseases, as well as lung allocation systems prioritizing transplant based on timed accrued on the list [8] , contributed to this ranking. Under those circumstances, COPD patients had a survival advantage over other end-stage lung diseases, which resulted in a lower mortality on the waiting list and a higher probability of transplantation.
The introduction of new allocation systems in 2005 changed the outlook of transplantation [8, 9] . These new policies attempted to decrease waitlist mortality by prioritizing transplantation based on urgency and survival benefit. Because the survival benefit in interstitial lung diseases (ILDs) is clearer, they now comprise approximately 50% of lung transplantation procedures, while being responsible for only 0.2% of all deaths and 0.1% of all disability adjusted life years (DALYs) per 100,000 inhabitants worldwide. Meanwhile, COPD now accounts for 30% of the procedures while causing 5.7% of all deaths and accounting for 3.3% DALYs per 100,000 inhabitants worldwide [3] (28 and 33 times higher than interstitial lung diseases). Development of better mortality prediction systems for COPD, as well as the inclusion of quality of life measures in future allocation systems, have the potential to mitigate this trend.
Survival Benefit in Lung Transplantation
It is calculated as the expected survival after undergoing the transplantation surgery minus expected survival with maximal medical/surgical therapy exclusive of transplantation [10] . Any factors that alter any of the two components of this equation will influence the appropriate timing of transplantation.
Current Listing Practices
Patients with COPD are enrolled on the lung transplantation list when the following conditions are met: (1) COPD is severe and expected to cause death within the next two years with a high probability (>50%). (2) The probability of comorbidity-related mortality at 1 and 5 years if the lung allograft is still functional is <20%.
Natural History of COPD
Gaps in the knowledge of the natural history of COPD affect our ability to better time lung transplantation. First of all, the inciting events that start the process have not been clearly defined [11] . There is increasing evidence that epigenetic changes [12, 13] can have an effect on the development of COPD. The maximal lung function attained also impacts the chances of COPD-related disability later in life [14] . Furthermore, once established, not everyone progresses in a similar fashion, with some patients surviving for many years, even in the most advanced stages of the disease, while others decline quickly through the final stages of the disease [15, 16] .
COPD can co-exist with other respiratory conditions that affect the risk of progression towards respiratory failure. Lung function [17] declines more slowly in asthma-COPD overlap patients. On the other hand, the co-existence of interstitial lung disease with COPD appears to accelerate the process [18] . The effect of chronic bronchitis or the coexistence of bronchiectasis has not been clearly defined.
COPD also behaves as a systemic disease. COPD patients have a higher prevalence of coronary artery disease; congestive heart failure; esophageal, breast, pancreatic and lung cancer; diabetes mellitus; cirrhosis; and peptic ulcer disease [19, 20] . COPD patients on the transplant waiting list also suffer from higher rates of osteoporosis than interstitial lung disease and pulmonary hypertension candidates due to chronic exposure to steroids, malnutrition, and immobility [21] . Finally, emphysematous patients in particular are at a higher risk of developing abdominal hernias and aneurysms [22] .
A key assumption of the urgency allocation systems is that we can clearly predict survival and transplantation benefit for each individual patient. However, as outlined above, COPD is more a syndrome than a disease, and the combinations of predisposing factors, comorbidities, and coexisting respiratory diseases result in a different risk of death and complications after lung transplantation. A continued effort to refine mortality prediction rules is needed.
Predicting Mortality in COPD
Extensive literature supports the role of spirometry in predicting mortality. Different measures, including the forced expiratory volume in one second (FEV 1 %), forced vital capacity (FVC) and their ratio (FEV 1 /FVC) have been used with prognostic purposes [17, 23] . FEV 1 % predicted <15% or 20% is used as one of the criteria for listing in the International Society for Heart and Lung Transplantation (ISHLT) consensus statement [1] . Patients with COPD can die from respiratory complications, but also from cardiovascular disease and malignancies [24] . This criterion for listing is more specific for respiratory deaths, which are the ones we can expect to prevent through lung transplantation. The disadvantage is that although patients have an increased mortality, a low FEV 1 % does not preclude prolonged survival. The high-risk group of the National Emphysema Treatment Trial defined by FEV 1 % between 15% and 20%, residual volume (RV) > 150% predicted, and low exercise capacity had a mortality of 51.4% at the mean follow up of 29.2 months [15] .
Other pulmonary function indices of airflow obstruction are predictors of mortality, including RV, total lung capacity (TLC), and RV/TLC ratio. However, they are less studied and rarely measured in clinical practice [25] [26] [27] .
Measures of gas transfer, carbon monoxide diffusing capacity (DLCO), and arterial partial pressure of oxygen (PaO 2 ) have also been explored as predictors of mortality. In a cohort of 604 patients from the United Kingdom, they were, along with age, the only predictors for mortality in multivariable models eclipsing FEV 1 % predicted and other measures of obstruction. It is worth noting that the median survival in the lowest quartile of DLCO-defined as <27.9-was around 60 months, far better than the 50% (two years) probability of death required to be considered for lung transplantation [28] .
Severe exacerbations of COPD are variably defined in the literature [29] . They are, however, invariably associated with increased mortality [30, 31] . Patients who survive to discharge after being admitted to the hospital for a COPD exacerbation have a two-year mortality between 20% for general floor admission and 50% for patients with hypercapnic respiratory failure or need for mechanical ventilation. A history of severe exacerbation, defined as one needing hospital care (admission or ED visit), also increases the chances of dying from a respiratory versus other-than-respiratory death (e.g., cardiovascular and malignancy related deaths) [24] . When there are no modifiable treatment factors, including environmental exposures and medical treatment, this group becomes particularly attractive for enrollment in the wait list.
Finally, the ISLHT consensus document includes the co-existence of pulmonary hypertension as an indication to list patients for transplantation [1] . COPD accounts for 80-90% of cases of WHO group III pulmonary hypertension. Chronic hypoxemia leads to vascular remodeling and increased pulmonary vascular resistance. A French group found a prevalence of severe pulmonary hypertension (defined as pulmonary artery pressure > 40 mmHg of 3%) in a cohort of patients recently discharged from the hospital after treatment for acute exacerbations of COPD. Approximately 50% of them were dead at two years. Although half of them also had comorbid conditions that could explain/contribute to the presence of pulmonary arterial hypertension and could be considered as absolute or relative contraindications to lung transplantation, including obesity hypoventilation syndrome, left ventricular dysfunction and connective tissue disease, the other half did not and may have benefitted from transplantation [32] .
Research efforts in recent years have focused on frailty, which represents another factor associated with wait list mortality in patients with COPD. Frailty is defined as a state of low physiological reserve and increased susceptibility to insults [33] . Frail patients on the lung transplant list are at a higher risk of being delisted and dying prior to surgery [33] . They have also been found to have a higher risk of post-transplant death [34] . A recent study described the trajectories of frail patients comparing pre-and post-transplant reports. Interestingly, 84% of 51 patients (with any diagnosis) considered frail prior to transplantation became non-frail six months after transplant [35] .
Realizing the limitations of individual variables for mortality prediction for such a heterogenous disease, the field has moved towards multi-dimensional tools that aim at accounting both the pulmonary and extra pulmonary manifestations of the disease. The most widely used are the Body Mass Index (BMI), Obstruction, Dyspnea and Exercise Capacity (BODE) [36] and the Age, Dyspnea and Obstruction (ADO) indices [31] . The former is one of the criteria recommended by the ISHLT to assess the severity of the disease and appropriate timing for listing. In the original and validation cohorts, a BODE score > 7 was associated with a probability of mortality of 50% at 3 years and 80% at 4 years. Using the SRTR database and the survival predictions based on the original BODE cohort, it was estimated that patients with a BODE index > 7 would benefit from a longer median survival after transplantation [37] . One limitation of this study was that the derivation and validation cohorts for the BODE index were general pulmonary populations, whereas the patients listed for lung transplantation are highly selected and experience lower mortality rates. This was highlighted in another report, which found a median survival of 59 months (95% CI, 51-77 months) in the UNOS cohort and 37 months in the BODE validation cohort [38] . In chronic stable severe COPD, an ADO index of ≥7 is associated with 47.2% mortality at 3 years. The ADO score has not been validated for use in patients awaiting lung transplantation [39] .
Thabut and colleagues evaluated COPD patients undergoing transplantation between 1987 and 2004. Age, functional status, alpha 1 antitrypsin deficiency, hypoxemia at rest, six-minute walk distance, continuous mechanical ventilation, pulmonary artery hypertension, and BMI influenced mortality [2] . Updated versions of their equations might be better suited for use in clinical practice and for the particular purpose of predicting mortality on the lung transplantation wait list.
Relative Contraindications' Impact on the Timing for Transplantation
As a general rule, a contraindication is relative when interventions can be implemented that will minimize its effect on survival. Instauration of such measures may delay transplantation. The "comorbidome" described in COPD includes comorbidities that are disproportionally diagnosed in COPD patients: osteoporosis; coronary artery disease; congestive heart failure; esophageal, breast, pancreatic, and lung cancer; diabetes mellitus; cirrhosis; and peptic ulcer disease [19] . These diagnoses are generally considered absolute or relative contraindications to transplantation when they are not properly controlled.
Osteoporosis is particularly prevalent in patients with end-stage COPD and is found in 59 to 69% of patients prior to transplantation [40, 41] . It is diagnosed when bone mineral density is 2.5 standard deviations below average (T-score is equal of less than −2.5) and worsens significantly after transplantation. Osteoporotic patients have an increased risk for fractures that can be life threatening in the postoperative period and affect quality of life and lung function later on [40, 42] . If time allows, the main interventions to prevent fractures that should be implemented are minimizing steroid use before transplantation, an adequate diet to maintain a body mass index above 21 kg/m 2 , daily exercise training, avoiding alcohol, and the use of pharmacological therapy, mainly bisphosphonates along with calcium and vitamin D supplementation [43] . Temporal trends in the published literature suggest that these interventions may decrease the incidence of fractures from 40-50% in early cohorts to 5% to 15% in current studies; however, the role of other contributing factors could not be ruled out [21, 44, 45] . If osteoporosis is severe enough that life-threatening fractures have already occurred or is present along with other comorbidities, withholding transplantation should be considered.
Coronary artery disease (CAD) is another important comorbidity [46] . In the last five years, several groups have reported comparisons of the outcomes of patients with CAD prior to transplantation and any end-stage lung disease. Although it is difficult to compare their results owing to varying definitions and severity of disease, overall lung transplantation is possible in patients and has similar outcomes with two caveats: patients requiring revascularization had longer hospital stays and patients with at least 50% luminal stenosis had a higher incidence of cardiac events post-transplant [47, 48] . The best method for revascularization should be individualized and should follow standard international guidelines. If percutaneous interventions are performed, it should be kept in mind that the minimum recommended duration of dual antiplatelet therapy is four weeks for bare metal stents and 12 to 24 weeks for drug eluting stents [49] .
The landscape of cancer diagnosis and treatment is one of the fastest-evolving fields in medicine. Mortality of patients diagnosed with cancer after transplantation is generally higher than for those diagnosed prior to transplantation [50] . Usually patients should be cancer free for 2 to 5 years prior to listing. This recommendation is based on registry data indicating a decrease in the risk of recurrence from 15% at 3 years to <5% at 5 years [51] . Currently, personalized measures of cancer recurrence risk, tumor-specific clinical calculators, as well as tumor genomic profiling tools [52] can be employed and may impact the timing of transplantation as more experience accumulates.
Liver cirrhosis is in general a contraindication to lung transplantation. Although consideration has been given to lung-liver transplantation, the procedure is rarely performed with a total of 116 recipients from 1994 to 9/2019 [53] . A particular group of patients of interest in COPD are patients with alpha 1 antitrypsin deficiency. In rare occasions, they present with simultaneous advanced lung and liver disease. The experience in this subset of patients amounts to case reports [54, 55] and the selection and timing of multi-organ transplantation is beyond the scope of this review.
Finally, diabetes mellitus (DM) and peptic ulcer disease are relative and not considered contraindications to lung transplantation; they can usually be optimized prior to transplantation. In the case of DM, the presence of end organ damage is the main concern. Peptic ulcer disease should be treated and if the risk of bleeding is high, transplantation should be delayed.
Lung Volume Reduction Surgery and Bronchoscopic Volume Reduction
In the National Emphysema Treatment Trial, which compared surgical lung volume reduction surgery to maximal medical treatment, patients with upper lobe predominant emphysema, hyperinflation, and low exercise capacity experienced improvements in lung function and survival after lung volume reduction surgery (LVRS) [15] . Although previous thoracotomy increases the risk of perioperative complications, the risk is not prohibitive and a history of the procedure is not a contraindication to undergoing lung transplantation. Early cohorts, including an analysis of the UNOS registry, suggested similar survival after transplantation; however, more recent cohorts report an increase in the incidence of perioperative complications, lower long-term survival and higher incidence of chronic rejection [56] [57] [58] [59] .
Bronchoscopic lung volume reduction is an alternative to surgical treatment. The procedure is relatively simple and performed using one-way valves, adhesive material, or coils that effectively deflate the most affected areas of the lung. Possible advantages to patients being considered for transplantation include preserving an intact pleural space with improved lung function and exercise capacity, which may result in improvement in fitness for transplantation [60] . A major drawback is the relatively high incidence of exacerbations after the procedure with inherent risks [61] .
Conclusions
The patient in the introductory clinical vignette achieved all her goals from the procedure: she became independent and was able to go fishing with her husband. However, she died of a myocardial infarction, despite a normal coronary angiography without a survival benefit. The inability of current screening methods to predict her poor cardiovascular outcome highlights the need to further our knowledge on how to better characterize this heterogeneous disease, its natural history, and its complications. Increasing knowledge in all these areas will help transplant physicians time lung transplantation better.
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